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Introduction
Due to the ability to absorb or release large amounts of energy 
during melting or solidification, phase change materials 
(PCMs) play an important role in practical thermal energy 
storage applications [1]. To achieve better energy efficiency 
for the energy storage process, it is necessary to be able to 
accurately detect the phase changes in the PCMs. The thermo-
couple is a simple temperature sensor that allows for indirect 
detection of the phase changes by measuring the temperature 
of the PCM. It has the advantages of simplicity and low cost, 
but also has some limitations. For example, due to its high 
thermal conductivity, the thermocouple can act as a sink or 
source when heat is transferred to the material by the ther-
mocouple wire immersed into a sample, which may affect the 
phase state in its vicinity and thus cause errors in detection 
[2]. Moreover, in the occurrence of supercooling (when a 
PCM remains in a liquid phase when the temperature is lower 
than its freezing point), the information provided by the ther-
mocouple in relation to material’s phase is not accurate.
Therefore in practice direct detection of the phase changes 
in PCMs is preferred. In the case of optically transparent 
materials, direct observation of the solid and liquid interface 
is possible [3]; but this technique is not applicable in opaque 
materials. X-ray tomography and radiography allow visual-
izing solid–liquid interfaces regardless of optical transpar-
ency [4] since both methods detect changes in the material 
density associated with the phase changes, but both methods 
are laboratory-based and high cost, and besides both of them 
potentially involve exposure of human personnel to radiation. 
Most materials show changes in electrical resistance upon 
melting, and thus resistance diagnostics has also been used for 
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Abstract
An all optical fiber Fresnel reflection sensor for detecting the solid–liquid phase change in 
n-octadecane is proposed and experimentally demonstrated. The sensor probe consists of a 
single-mode fiber with a cleaved end which is immersed in the material sample under test. 
As the n-octadecane changes from solid to liquid or from liquid to solid, its refractive index 
(RI) changes resulting in changes of the light power ratio reflected by the probe. Since the 
RI of n-octadecane during its phase transition changes discontinuously, inflection in the 
reflected light power ratio dependence indicates the phase change of the sample in the vicinity 
of the sensor probe. The results of this work suggest that such a simple optical fiber sensor 
can be used for detection of liquid–solid phase changes in other materials with similar to 
n-octadecane thermo-optic properties.
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detecting the phase change [5]. This measurement technique 
involves letting electric current flow through the sample during 
its phase transition and measuring the changes in resistance. It 
is a safe measurement technique, compared with the x-ray, but 
it also has the disadvantage of complexity. Differential scan-
ning calorimetry (DSC) can be applied to characterise PCMs, 
and it also can be used to determine the phase state within a 
very small bulk material sample [6]. However, DSC does not 
allow the determination of the phase state at specific points 
within the sample’s volume, and thus is unsuitable for energy 
storage applications which involve large PCM volumes.
Optical fiber sensors have the advantages of small size, 
high accuracy, immunity to electromagnetic interference, 
remote sensing capability and chemically passive nature. As 
a result, optical fiber sensors are widely used for measure-
ments of temperature [7], strain [8] and refractive index (RI) 
[9]. Several previous reports illustrated that optical fiber sen-
sors can be successfully applied for the detection of the phase 
change. For example, Arnon et  al [10] developed a fiber-
optic evanescent wave spectroscopic method for detecting 
the solid–liquid phase changes in water based on the changes 
of the sample’s absorbance. However the technique is rela-
tively complex and requires the use of special silver halide 
fibers. Chai et al [11] used a combination of coating-stripped 
and coated fiber Bragg grating (FBG) sensors to monitor the 
solid–liquid and liquid–gas phase transitions in water. Their 
proposed technique requires a minimum of two FBG sen-
sors, whose different positions within the sample may result 
in errors. Mani et al [12] reported a Fresnel reflection fiber 
sensor for monitoring the crystallization of water and aqueous 
solution of NaCl by detecting the changes of the reflected 
power ratio from the probe. The main focus of their work was 
on studies of crystallization of distilled water under super-
cooling conditions as it was subjected to rapid cooling using 
liquid nitrogen.
In this paper we propose and experimentally demonstrate 
a novel method for in situ detection of the solid–liquid and 
liquid–solid phase changes in n-octadecane, based on Fresnel 
reflection in a fiber sensor probe. It is important to note that 
the sensing scheme proposed offers a reliable means to sense 
phase change in a situation where traditional optical fiber 
sensing methods fail to detect phase change due to the occur-
rence of supercooling.
The sensor probe is fabricated from a single-mode fiber 
with a cleaved end, and the phase change is detected by 
monitoring the change of the optical power ratio reflected 
back from the sensor probe immersed in the material sample. 
N-octadecane is a popular PCM (C18H38 n-alkane material), 
whose thermal characteristics make it attractive for a number 
of applications, including thermal control in a spacecraft [13], 
in comfort clothing, to maintain the appropriate temperature 
close to that of human skin [14] and in solar thermoelectric 
generators [15]. In this work n-octadecane was chosen for 
the proof of principle demonstration of the proposed method 
because the material’s crystallization occurs over a narrow 
range of temperatures, with high degree of repeatability. In 
addition, the closeness of the freezing point to room temper-
ature allows for a simpler experimental set up. Moreover, the 
material is transparent in liquid phase and opaque in solid 
phase, which makes it possible to observe the phase change in 
the vicinity of the probe for comparison.
Experimental setup and operating principle
The experimental setup for demonstration of the proposed 
method is shown in figure 1. The sensor system consists of 
a 3 dB coupler, whose input port is connected to a broadband 
source (S5FC1021S, Thorlabs; wavelength range: 1200–
1660 nm), one of the outputs of the coupler is connected to 
one of the channels of the optical power meter (4100, dBm 
Optics) and another output is connected with the Port 1 of the 
optical circulator. Ports 2 and 3 of the optical circulator are 
connected to the sensor probe and the second channel of the 
optical power meter respectively. The sensor probe is made 
of a standard single-mode fiber with a cleaved end immersed 
into the sample of n-octadecane. The coating is removed from 
a small area near the end of the fiber and this area of the fiber 
marked with red ink. The n-octadecane sample is placed in 
a transparent glass container with a diameter of 2 cm and a 
height of 8 cm. Since the liquid sample is transparent while 
the solid sample is not, visual observation of the red mark 
indicates that at this point the sample is in liquid phase. The 
Figure 1. Schematic diagram of the experimental setup.
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temperature in the vicinity of the fiber probe was monitored 
with a K-type thermocouple with an error of  ±0.004  ×  T, 
where T is the actual temperature. The thermocouple was fixed 
close to the probe. A Peltier element with the rated voltage of 
12 V was used as a thermoelectric heater/cooler, placed on the 
top of the glass cylindrical container, to eliminate the effect of 
thermal convection.
To reduce the effect caused by the instability of the light 
source, a ratiometric measurement scheme is used in the 
experiments [12]. The power ratio at the detector is measured 
as the ratio of power at Channel 1 and Channel 2 of the power 
meter and is described as [16]
P = 10 {lg [R (I + x)]− lg (I + x)} = 10 lgR (1)
where I is one half of the input power of the optical source 
(one arm of the 3 dB coupler), x is the power fluctuation of the 
optical source, R is the reflectivity of the fiber probe which can 
be described using the well-known Fresnel equation:
R =
Å
n1 − n2
n1 + n2
ã2
 (2)
where n1 is the RI of the single-mode fiber core (assumed 
equal to 1.4494 at wavelength of 1550 nm) and n2 is the RI of 
the material surrounding the sensor.
The simulated relationship between the reflected power 
ratio and the RI of the surrounding material of the sensor 
probe was calculated using equations  (1) and (2), and the 
result is shown using the blue line in figure 2. As one can see 
from figure 2, for all n2 values (the RI of the sample under 
test) smaller than n1 (the RI of the fiber core), the reflected 
power ratio decreases monotonically with the increase of n2 
until the latter becomes equal to n1. For n2 values greater than 
n1 the reflected power ratio increases monotonically with the 
increase of the surrounding RI (n2).
For a phase change material it is possible to redraw figure 2, 
based on the known RI behavior of n-octadecane with changes 
in temperature.
The RI of n-octadecane decreases with an increase in 
temper ature. In its solid phase it experiences a progressive 
uninterrupted decrease in RI with an increase in temper-
ature, but as soon as the n-octadecane becomes liquid, its RI 
decreases sharply from circa 1.468 to 1.432 [15]. Based on 
these approximate values for the RI of n-octadecane and its 
temperature dependence, the behaviour of the optical power 
ratio reflected by the probe can be interpreted as follows in 
accordance with the model presented in figure 2.
In the experiment, the temperature range chosen for the 
n-octadecane is from 25 °C to 30 °C, with the phase change 
occurring at approximately 28 °C. Since the solid n-octade-
cane has an RI that is larger than that of the fiber core, any 
increase in temperature results in a decrease of the material’s 
RI and in the reflected power ratio (n2  ⩾  1.4494, the core RI, 
in figure 2). This is illustrated with the red line in figure 2, for 
a temperature increase from 25 °C to 27.5 °C. As soon as the 
n-octadecane sample melts to form a liquid, its RI undergoes a 
discontinuous decrease so it is lower than that of the fiber core. 
From that point, any further increase in temperature causes a 
decrease in the RI value once more but now because the RI 
is lower than that of the fiber core, in accordance with equa-
tion (2) and the blue trace in figure 2, the reflected power ratio 
now increases (region n2  ⩽  1.4494, the core RI, in figure 2), 
which is illustrated as the black line shown in figure 2 for a 
temperature change from 28 °C to 30 °C.
Not only therefore is there a discontinuous jump in the RI as 
temperature increases through the phase change temperature 
region, there is also a change in the slope of the power ratio 
versus RI characteristic for the n-octadecane as it changes to 
a different phase state, as witnessed by the different slopes of 
the red line compared to the black line in figure 2. Assuming 
one is observing the reflected power ratio as the temperature 
increases, then there is in effect an inflection point evident in 
the reflected power ratio as the temperature increases. This 
inflection point in the reflected power ratio is the key to deter-
mining the occurrence of the phase change in the vicinity of 
the fiber probe. For brevity the explanation above is provided 
for the heating case only, but there is an analogous behav-
iour for the case of cooling, where there is again an inflection 
point, so that phase change can be also detected by finding the 
inflection point of the reflected power ratio as the temperature 
decreases with cooling.
Finally it should be noted that the RI values used above 
for n-octadecane are known to be approximately 1.468 for 
solid and 1.432 of liquid phases at the wavelength of 600 nm 
[15]. Since the experimental setup used here operated circa 
1550 nm, this RI data from [15] and the Cauchy’s equa-
tion  [17] was used to calculate the approximate values of 
Figure 2. Simulated relationship between the reflected power ratio and the refractive index of the surrounding the probe material sample.
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the RI of the n-octadecane at 1550 nm. The results of the 
calcul ations showed that the RI of n-octadecane a maximum 
decrease of 0.1% for the solid and 0.08% for the liquid phase 
over the wavelength range from 1200 to 1600 nm. Based on 
such very small variations, the influence of wavelength on the 
RI can be effectively ignored.
Experimental results and discussion
In order to experimentally demonstrate the operation of the 
proposed sensor, a series of heating and cooling experiments 
were carried out for a 25 ml sample of n-octadecane with the 
purity of 99% purity (Sigma Aldrich), using the experimental 
setup shown in figure 1. To eliminate the effects of thermal 
convection, the Peltier element used for heating and cooling 
of the sample was placed at the top of the container. The fiber 
probe and the thermocouple where inserted into the container 
through the bottom, and the distance between the fiber probe 
and the thermocouple was approximately 2 mm. The thermo-
couple was connected to a logger for recording the temper-
ature of the n-octadecane in close proximity of the fiber sensor 
probe. To ensure the stability of the surrounding temperature, 
the experimental setup was placed inside a transparent heat 
insulating enclosure. A photo camera was placed inside the 
transparent heat insulating enclosure and connected with a 
PC. The camera shutter was controlled by the PC. The photo 
images were taken at the same time as the reflected power 
ratio and temperature data were recorded with steps of 0.5 °C.
Figure 3 illustrates the dependence of the measured 
reflected power ratio of the sensor probe versus temperature 
of n-octadecane during its heating and cooling cycle. The 
heating experiment was carried by setting the temperature of 
Peltier element to 50 °C when the material sample was at room 
temper ature (20 °C). Every data point in figure 3 is an average 
of five different heating experiments. The average error is 
0.017 dB. We believe that the most likely source of error is 
due to the system noise itself as we have measured power vari-
ation of 0.016 dB when the fiber sensor was immersed into the 
n-octadecane at a fixed room temperature. The other possible 
reason of the error is the changing mechanical forces acting 
upon the fiber during the phase change, resulting in slight 
movement of the probe caused by mechanical stress.
As can be seen from the figure  in the heating experi-
ment the reflected power ratio changes from  −38.36 dB to 
−38.78 dB in the range of temperatures from 25 °C to 27.5 °C, 
 confirming that heating of n-octadecane in the solid phase 
causes its RI to decrease, resulting in the decrease of the reflected 
power ratio. Comparison of the experimentally measured 
reflected power ratio values with the calculated results (shown 
in figure 2) leads to the corresponding estimated RI change of 
solid n-octadecane from 1.4783 to 1.4769 assuming there is 
no absorption by the of n-octadecane. In the vicinity of 28 °C 
n-octadecane becomes liquid, which causes the change in the 
power ratio dependence as predicted by the proposed phys-
ical model. In the temperature range from 28 °C to 30 °C, 
the measured reflected power ratio changes from  −38.82 dB 
to  −38.48 dB. During the heating in its liquid phase the RI of 
n-octadecane continues to decrease, however, in this case the 
RI values of n-octadecane become smaller than RI of the silica 
fiber, resulting in the increase of the reflected back power ratio 
as predicted by the simulations in figure 2, where a change in 
the power ratio from  −38.82 to  −38.48 dB corresponds to the 
change in the liquid RI from 1.4226 to 1.4215.
It should be noted that in our experiment the RI of n-octa-
decane is slightly different from the value reported in the 
[15] because of the absorption loss of the n-octadecane, and 
the differences in the material purity and the temperature, 
which is caused by the error, for example, the distance of 
the thermocouple and the probe. Figure  4 shows images of 
the n-octadecane sample taken at different temperatures. It 
Figure 3. Reflected power ratio measured at different temperatures during the heating and the cooling cycle of the n-octadecane sample: 
inflection point at ~28 °C in the heating corresponds to the solid–liquid phase change and at ~27.5 °C corresponds to the liquid–solid phase 
change in the cooling.
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can be seen therefore, that the point of inflection within the 
experimental graph corresponds to the solid-to-liquid phase 
transition of n-octadecane demonstrating that monitoring 
of the reflected power ratio change in time (or with temper-
ature) and determining the point of inflection of the reflected 
power ratio dependence allows for an accurate detection of the 
phase change of the material at the point location of the sensor 
probe. It should be noted that the if the proposed method is 
used for detecting the phase change, the temperature infor-
mation is not needed, and it is capable of providing informa-
tion regarding the phase state at a particular location within a 
volume of material in real time.
For the cooling experiment the temperature of Peltier 
element was set to 20 °C, while the material sample was in 
liquid phase at 30 °C. Cooling of the n-octadecane sample 
causes increase in its RI. The reflected power ratio changes 
from  −38.49 dB to  −38.79 dB as the temperature decreases 
from 30 °C to 27.5 °C. In accordance with our previous sim-
ulations, the RI in this temperature interval changes from 
1.4216 to 1.4225. At 27 °C the n-octadecane becomes solid 
which causes the sudden increase in the reflected power ratio 
up to  −38.67 dB, followed by its subsequent increase to 
−38.37 dB. During the cooling in the solid phase, the RI 
increases but since the RI of the solid n-octadecane is larger 
than the RI of the fiber core, the power ratio increases as pre-
dicted by the simulation, where a change in the power ratio 
from  −38.67 dB to  −38.37 dB corresponds to the change in 
the solid RI from 1.4772 to 1.4782. The freezing point is lower 
than the melting point due to the hysteresis phenomenon. The 
average error is 0.019 dB. The possible source of the error is 
the same as the one in the heating experiment. As it can be 
seen from figure 3, the inflection of the reflected power ratio 
dependence corresponds to the phase change point for the 
n-octadecane sample. Figure  5 illustrates the gradual shift 
of the interface between liquid and solid phases during the 
cooling experiment. It can be seen that during cooling the point 
of inflection within the experimental graph corresponds to the 
image where solid–liquid interface reaches the fiber probe, 
confirming the phase change at the location of the probe.
Moreover, one can determine whether the n-octadecane is 
in solid or liquid phase from the slope of the power ratio (ΔP) 
as shown in table 1. During the heating process, if the slope is 
negative, then the sample is solid, while if the slope is positive, 
the sample is liquid. During the cooling process, if the slope 
is positive, the sample is solid, if the slope is negative, the 
sample is liquid. The sensor can thus detect the phase change 
at a certain point within the sample by comparing two consec-
utive reflected power ratio measurements during the material 
heating or cooling cycles. Moreover, if supercooling occurs, 
the temperature will be lower than solidification temper ature 
measured by the thermocouple, and the phase of the sample 
will be detected as liquid phase by the sensor, so the super-
cooling can be detected.
Conclusion
In conclusion, a novel method for in situ detection of the solid–
liquid and liquid–solid phase changes in n-octadecane, based 
on Fresnel reflection in a fiber sensor probe has been proposed 
and demonstrated experimentally. From the experimental 
results it can be seen that the melting point is approximately 
Figure 4. Photographs of the solid–liquid interface position at temperatures: at 28 °C both the thermocouple and fiber optic probe tips are 
clearly visible (the image corresponds to the inflection point in figure 3).
Figure 5. Photographs of the solid–liquid interface position at different temperatures: at 27.5 °C both the thermocouple and fiber optic 
probe tips are in contact with the solid surface (the image corresponds to the inflection point in figure 3).
Table 1. The relationship between the material’s phase and the 
slope of the power ratio.
Solid phase Liquid phase
Heating ΔP  <  0 ΔP  >  0
Cooling ΔP  >  0 ΔP  <  0
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at 28 °C and the freezing point is at 27.5 °C. The accuracy of 
the phase change detection was confirmed by visual means. 
The proposed method allows for a simple, low cost, accurate 
and reliable in situ detection of liquid–solid and solid–liquid 
phase changes in n-octadecane without the need for temper-
ature measurements. Moreover, at the same time supercooling 
of PCMs can be detected which is a critical issue for optim-
ization of and control of latent heat thermal energy storage 
technologies. This point-sensing technique can be expanded 
by increasing the number of sensor probes and applied for 
studies and optimization of heat distribution within the PCM 
material employed in energy storage systems. The results 
of this work suggest that such a simple optical fiber Fresnel 
reflection sensor can be used for detection of liquid–solid 
phase changes in other materials with similar to n-octadecane 
thermo-optic properties. The proposed method allows for a 
simple, low cost, accurate and reliable in situ detection of 
liquid–solid and solid–liquid phase changes in n-octadecane 
without the need for temperature measurements. This point-
sensing technique can be expanded by increasing a number 
of sensor probes and applied for studies and optim ization of 
heat distribution within the PCM material employed in energy 
storage systems. The results of this work suggest that such a 
simple optical fiber sensor can be used for detection of liquid–
solid phase changes in other materials with similar to n-octa-
decane thermo-optic properties.
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